We investigated the radiation fields of a self-similar slim disk and the behavior of wind particles, which are driven by the radiation pressure of a self-similar slim disk. When the accretion rate is of the order of a critical rate, the accretion disk must puff up in the vertical direction to form a so-called slim disk. In contrast to a standard alpha disk, this slim disk has two major features: i) the disk is geometrically (mildly) thick, and ii) the radial motion is comparable to the rotational motion (advection). These effects make the opening angle of the disk less than 180°, and the disk radiation fields are expected to enhance towards the center. However, we found that trajectories of wind particles are accelerated along the disk surface. This indicates that the shape of the disk strongly influence the motion of plasma particles. Furthermore, particles lose angular momentum by radiation drag, while gaining angular momentum from rotating radiation fields. Taking into consideration the Compton drag, the income and expenditure of angular momentum of wind particles is positive, and they tend to spread out in a radial direction.
Introduction
It is believed that accretion disks play an important role in an active astronomical phenomena. The standard picture of the accretion disk (Shakura, Sunyaev 1973) succeeds in explaining many of the active phenomena. Since the accretion disk is essentially a complicated system (structure of the disk, disk instability, disk evolution, acceleration of jet, corona, etc.), many problems of the system have not been solved well. The accretion-disk wind is also one of the open problems.
Thermal/magnetic/radiative winds from a geometrically thin disk (alpha model) have been extensively studied by many researchers. In particular, radiatively driven accretion-disk winds were investigated by several researchers (e.g., Bisnovatyi-Kogan, Blinnikov 1977; Icke 1980; Katz 1980) . On the other hand, radiation drag (Compton drag) has attracted several researchers; this effect plays an important role in very luminous objects in the universe. Recently, a study of the radiation-drag force on radiative disk winds has been made (Icke 1989; Melia, Konigl 1989; Tajima, Fukue 1996 Fukue 1996 Fukue , 1999 .
Still more, many researchers are devoted to examine advection-dominated accretion flow in recent years (Narayan, Yi 1994 Kato et al. 1998) , hereafter called ADAF. To realize an advection-dominated situation, the mass accretion rate M is very small (optically thin) or M is very large (optically thick). An optically thick ADAF is so-called a slim disk (Abramowicz et al. 1988) , where the disk luminosity is of the order of the Eddington luminosity and the geometrical thickness becomes mildly thick. The optically thin case has been studied extensively to explain the high-energy emission, but the optically thick ADAF has not been studied so much. Much more, the radiative disk winds from ADAF, have not been examined in the past years.
In the present study we examined the behavior of disk winds, which are driven by the radiation fields produced by an optically-thick ADAF, including radiation drag. In section 2 we explain a self-similar model of slim disks. In section 3 the radiation fields of this model are calculated. In section 4 the trajectories of wind particles driven by such disk radiation fields are examined. The final section is devoted to concluding remarks.
Self-Similar Solutions
An optically thick advection-dominated disk, a socalled slim disk, was constructed by Abramowicz et al. (1988) . For simplicity, we adopted the method of selfsimilar solutions of Narayan and Yi (1994) . In this model, for a non-relativistic potential, the energy balances are
The parameter / is the viscous-dissipated energy which is stored in the accreting gas as entropy, 1 -/ radiative cooling. We assume that / is independent of r. This as- (5 + 2c')
and Cs is the isothermal sound speed, 7 the ratio of specific heats, a the standard viscosity parameter, and Vfj the free-fall velocity. Let us estimate other physical quantities using the above solutions. From the continuity equation, the surface density E becomes
where M is the mass-flow rate of the disk. The optical depth r in this case is given by
where « is the electron-scattering opacity, r g That is, if the parameter / increases, the relative thickness would also increase. Assuming that the radiation cylindrical coordinates (r,(p,z) , and supposed a small
where r m is an inner radius and r out is an outer radius.
Disk Radiation Fields
Radiation fields produced by the slim disk are changed and enhanced, compared to those of standard disk (Icke 1980 ; TF), due to the geometrical thickness of the disk, the temperature distribution and the effect of advection.
We assumed that the disk radiation is only from the disk surface, and calculated the full components of the radiation fields: the radiation energy density E, the radiative flux vector F a , and the pressure stress tensor P a @.
Calculation Methods
In the present work we calculated the radiation fields produced by a self-similar slim accretion disk, which is optically thick, advection dominated, and surrounding a black hole with mass M.
We calculated the amount of radiation at an arbitrary point P in space over the disk (figure 1). We used the We use the cylindrical coordinates (r, ip, z) with the z-axis along the rotation axis of the disk.
surface element Q on the disk, whose cylindrical coor-
while the area of element Q is
The unit vector from element Q to point P (direction cosine) is I and the rotational and advection velocity of the disk gas is v d (r). We adopted the disk surface temperature distribution as the effective temperature in the previous section. Each element of the disk surface radiates roughly a blackbody; the radiative flux F d on the disk is expressed by F d = crT e ff 4 , where T e ff is the disk-surface temperature (16). Hence, the specific intensity Jo of the disk radiation in the rest frame becomes
Since the rotation speed of the inner disk is of the order of the speed of light, we should considered the relativistic Doppler effect (cf. TF 1998). The observed intensity I at point P is more enhanced (or reduced) than the emitted intensity Jo-In terms of the redshift factor z red , which associates with the motion of the disk element relative to point P (specified later), I is expressed as
Hence, we can find all the components of the radiation fields at point P:
Here, dQ is the solid angle subtended by element Q (see figure 1 ):
where n and I are the normal vector on the disk surface and the direction-cosine vector. Furthermore, to the first order of v/c, the redshift z red becomes
In Cartesian coordinates (x,y,z), without losing generality,
Here, S is an opening angle from the equatorial plane to disk surface. Therefore,
Note that we deal with only (n-l) > 0 in this calculation. These equations (22)- (24) Here, £, / a , and p a(3 are the components of radiation fields in the following nondimensional form:
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x ^±S*l«ie d r d d^, (37) where the radius is normalized in units of the Schwarzschild radius r g (= 2GM/c 2 ). Using equations (35)- (37), we numerically calculate the disk radiation fields spreading above and below the disk. At point P the value of any component of the disk radiation fields is obtained by simply summing up the contribution from small elements on the disk surface over the entire disk. We truncate the disk from r<$ = 3r g to 10000 r g in the radial direction.
Contour Maps of Disk Radiation Fields
Figures 2-4 show contour maps (spatial distributions) of the components of the disk radiation fields, illustrated in the meridional cross section. The abscissa and the ordinate are the radius r from the center and the height z from the disk equatorial plane, respectively. They are in units of the Schwarzschild radius r g . In the present calculation the specific heat 7 was fixed as 7 = 1.5. As for the viscosity parameter and the advection parameter /, we tried a = 0.1 and / = 0.001, 0.1, and a = 1.0, / = 1.0 as the extreme case.
In the case of / = 0.001, the disk surface is about 3° (H/r = 0.054568) from horizontal plane of the disk. In this case, the disk rotation is nearly Keplerian (v r = -0.00044665v ff , v<p = 0.99627v ff ); therefore, the radiation fields are similar to those of standard one (cf. Icke 1980; TF 1998.) .
The disk surface in / = 0.1 case is about 33° (H/r -0.41397) from the horizontal plane. Because parameter / is larger and larger, the state of the disk is effective advection (v r = -0.025705 Vfi, v^ = 0.75580 VR) and increases the geometrical thickness of the disk [equation (10)]. If we take the extreme limit a = 1.0, / = 1.0 case, the disk geometrical thickness is H/r -0.56020 and the other quantities are v r = -0.47075 Vff, v<p -0.32343 v^. Figures 2a, 3a , and 4a show contour maps of the radiation energy density E (precisely the dimensionless form e), for / = 0.001, 0.1, and 1, respectively.
The thin case of / = 0.001 is qualitatively similar to that of the standard disk radiation fields (cf. Icke 1980; TF 1998) , although the temperature distribution is different. Compared with the thin case (/ = 0.001) and the thick case (/ = 0.1 and / = 1.0), it is clear that geometrical difference exists. In addition, the radiation of the thick disk is stronger than the thin one. Since the geometrical thickness and the intensity of the radiation depend on a parameter C3, an increase in / yields an increase of C3 and the disk thickness. In other words, the disk becomes more luminous (L& -LE for / = 0.1). The most luminous region of the accretion disk is at 4r g -5r g , since we truncate the disk at r = 3r g .
In figures 2b-2d, 3b-3d, 4b-4d, we show the three components of the radiative flux F a (precisely the dimensionless form f a ). For the standard disk, F r is negative inside i?< 4r g , although it is positive at i^^,4r g (Icke 1980) . In the present self-similar disk truncated at r = 3r g the maximum surface brightness point is at r = 3r g , therefore it is natural to be negative value inside of r = 3r g .
The azimuthal component F^ does not appear in the non-relativistic limit, since the radiation intensity from the disk surface is cancelled out in the azimuthal direction in such a case. It, however, does appear in the calculation to the first order of v/c, since the intensity is not cancelled out due to the redshift associated with disk rotation. The value of the azimuthal component f^ surpasses the radial component f r and is comparable to the vertical component f z . The azimuthal component of the radiative flux as well as radiation drag is important when the wind velocity becomes relativistic.
The most remarkable picture of a slim disk is that a negative value appears below z %, 4r g on the F z component (figures 3d, 4d). If we consider the geometrical disk thickness, a flux from the upper part of the disk appears. Such a situation cannot occur in the standard disk.
Finally, figures 2e-4j are the six components of the radiation pressure stress tensor P a @ (precisely the dimensionless form of p a P). These component work on the particles as radiative drag and if we take into account to the first order of v/c, it is necessary. 
Radiation-Driven Winds
In the disk boundary region, the plasma gasses are in a marginal state where some gasses are absorbed in the disk while the others are evaporated from the surface. Condition for wind to blow is that the Bernoulli parameter is positive. If the Bernoulli parameter is positive, the particles will shake off the central object's gravity and blow as disk winds. Once the gasses are ejected from the surface, they are accelerated by the radiation pressure. This is K. Watarai and J. Fukue [Vol. 51, the scenario of the radiation-driven winds. At the surface of luminous accretion disks, it is supposed that the evaporation of matter may occur due to strong radiation of the disk (e.g., Meyer, Meyer-Hofmeister 1994) . It is natural to think that the winds driven by disk radiation blow off from the accretion disk. Furthermore, for winds blowing from the inner disk, where the winds motion may become relativistic, it becomes important to consider the effect of radiation drag (Icke 1989; Tajima, Fukue 1996; Fukue 1996) . Using the radiation fields described in the previous section, we calculated the motions of the winds, which are ejected from the disk surface due to the disk radiation, itself.
accelerates it. On the other hand, E and P af3 are resistive forces which are proportional to velocity. Recalling the dimensionless quantities introduced in the previous section, equation (38) 
where R = y/r 2 -f z 2 , and £, / a , and p a @ are the normalized components of radiation fields, which were numerically calculated, as discussed in section 2.
In equation (39), the equation of motion in the radial direction, the first term is the centrifugal force, the second term is the gravitational force of the central black hole, and the last term is the radiative force. Equation (40) expresses angular-momentum conservation, in which only the radiative forces appear. Although the drag force removes the angular momentum from the winds, the azimuthal flux f* gives it to the winds, since the radiation fields corotate with the disk. Finally, equation (41) is the equation of motion in the vertical direction. In this direction, the gravitational and the radiation forces work on the particles, respectively. Using the units of the Schwarzschild radius r g and the light speed c, these equations are normalized as follows:
Here, the symbols for the dimensionless variables, say "v", are dropped.
Results
At the first brush, we describe that winds do not blow for / = 0.001. As stated in the previous section, for / = 0.001 the disk emanate to thrust the wind particles. For this case L^/LE -0.1, and the condition to blow particles as winds in the standard accretion disk at least L d /L E > 0.6 (TF). Figure 5a shows the trajectories of wind particles under radiation drag in the meridional plane (upper panel) and in the top view (lower panel). Figure 5b shows a stereoscopic view of the wind particle orbits above a slim disk. The parameters are 7 = 1.5, a = 0.1, and / = 0.1. We assume that the plasma particles rotate with the disk at their base. Hence, the initial conditions of the particles are a self-similar solution of the disk in the previous section. Due to the geometrical configuration of a slim disk, the radiation from the central region and the farside disk can illuminate the disk surface, and push the gas downwards (cf. Fukue, Hachiya 1999) .
Another important point of this case is that the azimuthal flux F^ gives them angular momentum. In spherical radiation fields, the particles lose angular momentum by drag (cf. Fukue, Umemura 1995; Nio et al. 1997) . However, the radiation pressure from the rotating accretion disk gives angular momentum to the particles, because of the relativistic Doppler effect produces a radiation enhancement. This effect is also one of the factors to make the trajectories of particles along the surface of the disk.
The radiation-driven winds are accelerated around the disk surface, and yet as far from the inner region the velocity of the particles slows down and becomes close to a constant. Figure 6 indicates the terminal velocity as a function of the initial radius. We obtained about v -0.05-0.2 c in the present calculation.
4.3.
Discussion In figures 7a, 7b we show the "non-dragged" case, where the effects of radiation drag (E, P a @) as well as f^ are dropped. This case is, in other words, that the angular momentum for the wind particles is conserved. Indeed, this means that at first the particles ejected around the disk inner region are attracted by a gravitational source, and yet once they are far from the central source they flow out straightly on account of the angular-momentum conservation of the particles. On the contrary, the "dragged" particles rotate even if they are far way. This means that the angular momentum of the particles is not conserved. Figure 8 shows the time evolution of the angular momentum, which corresponds to figure 5 (/ = 0.1 case). It is clear that particles gain angular momentum from radiation fields. We also show the F^ = 0 case for a comparison; that is, particles only rush into the radiation fields and lose momentum. In this case, the angular momentum of the particles is decreased by drag. When we take into account the radiative drag force, the angular-momentum income and expenditure is positive, and the flux-</? component supplies angular momentum to the particles. Therefore, the flux-cp component plays a very important role in the accretion disk radiation fields.
Concluding Remarks
We obtained the trajectories of radiation driven winds from an optically thick ADAF in the present study for the first time. The radiation fields of the disk have a large dependence on the geometrical configuration, and the wind flow is suppressed to the disk surface and spread out towards the radial direction. The velocity of the wind particles reaches 0.05-0.2 c. These results explain the velocity of the Cygnus X-3 and SS 433 jets. We also pay attention to the effect of radiation drag. It plays (in particular F^ component) an important role to determine the path of the particles. Taking care of this study is that we adapted a selfsimilar solution which is truncated at the disk inner edge of 3r g . The disk temperature distribution is assumed as a power-law. The acceleration of the particles depends naively on the disk model. In order to examine the winds more quantitatively, we had better use the transonic model because of the greater part of the disk radiation may emanate from there. However, we can grasp the global image of the slim disk radiation fields and wind in this model.
Blowing winds along the disk surface mean that the clouds of photons float above the disk (Fukue 1996) . It suggests that accretion disks consist of disk-corona system. However, for more detail discussion, we should deal with the winds as a fluid. Moreover, the geometrical thickness effect is important in this case; the absorption and irradiation process (Hachiya et al. 1998 ) and the gravitational lensing effect may take place.
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